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ABSTRACT

Pancreatic stellate cells (PSCs) are the primary cell components of pancreatic cancer (PC) and are
involved in tumor growth, metastasis and resistance. However, the role and the mechanism of PSCs
in gemcitabine (GEM) resistance to PC still need more investigation. We found that CXCL12 mRNA
and secreted CXCL12 protein were higher in PSCs after GEM treatment. The conditioned medium
(CM) from GEM-treated PSCs reduced the GEM sensitivity of PC cells. Blocking of CXCL12 in CM by
anti-CXCL12 antibody partly restored the GEM sensitivity of PC cells. Blocking of CXCL12 decreased
glucose consumption, lactate production, ECAR, and glycolysis-related gene expression in PC cells.
The PI3K/AKT/mTOR pathway was activated by the binding of CXCL12 and CXCR4. Moreover,
CXCR4 mRNA and protein expressions in PC cells were increased after GEM treatment. Our
results indicated the cross-talk between PSCs and PC cells during GEM chemotherapy. CXCL12
secreted by PSCs reduces GEM sensitivity of PC cells by binding to CXCR4 and activating PI3K/
AKT/mTOR-glycolysis pathway in PC. Our findings would lay the foundation for solving GEM
resistance in PC.
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Introduction
extracellular matrix (ECM) (Pothula et al. 2016). Activated

Pancreatic cancer (PC) is usually asymptomatic in its ear-
liest stages of development which leads to a late diagno-
sis in patients with PC (Moutinho-Ribeiro et al. 2018). PC
patients have the shortest survival time of all cancer
patients, with 62210 new cases and 49,830 estimated
deaths in 2022 (Siegel et al. 2022). PC is predicted to
turn into the 2nd leading cause of cancer death by
2030 (Latenstein et al. 2020). So far, complete surgical
resection has been regarded as the only curative treat-
ment for PC (Kamisawa et al. 2016). The clinical efficacy
of gemcitabine (GEM), the first-line mainstay chemother-
apy in PG, is still not very ideal (Sarvepalli et al. 2019).
The high mortality of PC is mainly caused by the
absence of effective treatment strategies. Mainstream
treatment strategies for PC are to target tumor cells them-
selves. However, the stroma/desmoplastic reaction is a
major feature of PC. As the primary cell components of
PC, Pancreatic stellate cells (PSCs) can generate abundant

PSCs could promote the production of ECM which would
lead to damaged drug delivery and acquired chemoresis-
tance (Zhao et al. 2018; Amrutkar et al. 2019). PSCs also
promote tumor metabolism by providing nutrients
(Sousa et al. 2016). Therefore, understanding the function
and regulation mechanism of PSCs in PC during GEM che-
motherapy may help alleviate GEM resistance.

CXCL12, attached to the CXC family of chemokines, is
released by stromal cells. CXCL12 binds to the CXCR4
expressed cells and regulates cell directional migration
(Teicher and Fricker 2010). CXCL12 has a tumor protec-
tive effect and could accelerate tumor growth (Righi
et al. 2011; Feig et al. 2013; Sleightholm et al. 2017).
The secretion of CXCL12 from PSCs by inhibiting cyto-
toxic T cell infiltration (Garg et al. 2018). CXCL12-
CXCR4 signaling axis is implicated in GEM resistance in
PC (Singh et al. 2010). However, the role and mechanism
of CXCL12 in GEM resistance still need more exploration.
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In the sections below, we describe the role of PSCs on
GEM sensitivity in PC and explored the underlying mech-
anisms. Our study indicated that enhanced CXCL12
secreted by PSCs after GEM treatment decreased GEM
sensitivity of PC cells by inducing glycolytic reprogram-
ming via activating the CXCR4-PI3K/AKT/mTOR
signaling.

Materials and methods
Reagents and antibodies

GEM (cat. no. S1149) was obtained from Selleck Chemi-
cals. Antibodies against CXCR4 (ab181020), PI3K
(ab40776), and beta-actin (ab8226) were obtained from
Abcam. Antibodies against p-PI3K (cat. no. 4228S), AKT
(cat. no. 4685S), p-AKT (cat. no. 4060S), p-mTOR (cat.
no. 2974), and mTOR (cat. no. 2983) were purchased
from Cell Signaling Technology, Inc.

Isolation and identification of PSCs

This study was approved by the Ethics Committee of
Sichuan Provincial People’s Hospital, University of Elec-
tronic Science and Technology of China. The paper
form that is patient’s informed consent is acquired
from all patients. PSCs were prepared by the enzymatic
digestion-gradient centrifugation method (Liu et al.
2019) and were employed in their second-fourth pas-
sages. Under cyto-immunochemistry examination, a
high level of a-SMA and GFAP were observed in the
cytoplasm of PSCs.

Cell culture

The PANC-1 and CFPAC-1 human PC cell lines (Procell,
Wuhan, China) were incubated in DMEM added with
penicillin-streptomycin and 10% FBS.

Conditioned medium

The PSCs were treated with 2 nM GEM for 24 h and then
replaced with the fresh complete medium. After another
twenty-four hours of incubation, the conditioned
medium (CM) was harvested. After filtering by a 0.2 uM
SFCA membrane (Corning), CM was used at a 1:5
dilution.

CCK-8

Cell viability was evaluated using CCK-8 (MedChemEx-
press, Monmouth Junction, USA). A total of 4 K PC cells
were inoculated per well in 96-well plates overnight.
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The medium was changed to CM and added different
concentrations of GEM. Cell viability was evaluated
after culture for 0, 24, 48, and 72 h. Absorbance was
detected at 450 nm.

Flow cytometry

PC cells were seeded in 6-well plates at a density of
5x10* cells/well for overnight incubation. The medium
was changed to CM and added 8nM GEM for 48 h incu-
bation. Then, cell apoptosis was assessed using an
Annexin V-FITC/PI Apoptosis Detection Kit (Yeasen Bio-
technology Co., Ltd. Shanghai, China) and flow cytome-
try (Beckman Coulter, Miami, USA).

TUNEL assay

The cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.1% sodium citrate and 0.1% Triton
X. DNA fragmentation was detected by TdT-mediated
dUTP nick end labeling (TUNEL) following the manufac-
turer’s instructions (Beyotime, Shanghai, China).

Bioinformatics analysis

Microarray analysis was used to filter abnormally
expressed genes in PSCs with or without 2 nM GEM
treatment. Abnormal genes were filtered based on the
fold change and adjusted p-values. The inclusion criteria
were set as follows: adjusted p-values < 0.05 and fold
change >4 or fold change <0.2.

ELISA

The levels of CXCL12 in the culture supernatant were
detected by the Human CXCL12 alpha ELISA Kit
(@ab100637, Abcam) according to the manufacturer’s
instructions.

RNA extraction and RT-qPCR

RT-gPCR was used as described previously (Liu et al.
2022). The data were normalized by B-actin and relative
expression was calculated by the 22" values. The
following primers were used: CXCR4, forward 5-GTA
AAACGACGGCCAGT-3" and reverse 5-CAGGAAACAGC-
TATGAC-3’; CXCL12, forward 5'-GTCAGCCTGAGCTACA-
GATGC-3’ and reverse 5-CTTTAGCTTCGGGTCAATGC-3;
GLUT1, forward 5-TGTCGTGTCGCTGTTTGTGGTGGA-3’
and reverse 5-TGAAGAACAGAACCAGGAGCACAG-3;
HK2, forward 5-TGATGTGGCTGTGGATGAGCT-3' and
reverse 5-GCCAGGCAGTCACTCTCAATCTG-3'; LDHA,
forward 5-AGGCTGGGAGTTCACCCATTAAGC-3' and
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reverse 5-GAGTCCAATAGCCCAGGATGTG-3; PB-actin,
forward 5'-CTACGTCGCCCTGGACTTCGAGC-3"  and
reverse 5'-GATGGAGCCGCCGATCCACACGG-3'.

Western blotting

Cells were lysed in RIPA buffer (Solarbio, China) sup-
plemented PMSF (Solarbio, China). The protein concen-
tration was tested by a BCA protein assay kit (Solarbio,
China). The proteins were separated by SDS-PAGE and
blotted onto PVDF membranes (Millipore, USA). After
blocking, the membranes were incubated with the indi-
cated primary antibodies and secondary antibodies. The
blots were developed with a BeyoECL Star kit (Beyotime,
Shanghai, China) and visualized using X-ray films.

Glycolysis process assay

The glucose assay kit (ab65333, Abcam) and lactate
assay kit (ab65330, Abcam) were respectively used to
detect the level of glucose and lactate in culture super-
natant according to the manufacturer’s instructions. For
the glycolytic function assay, ECAR was detected using
the Seahorse XF Glycolysis Stress Test kit (Agilent Tech-
nologies, Santa Clara, USA) according to the manufac-
turer’s instructions. The basal ECAR was measured
under the basal condition, followed by the sequential
addition to each well of glucose (10 mM), oligomycin
(2 mM), and 2-deoxyglucose (100 mM).

Statistical analysis

The data were presented as mean + standard deviation.
Two-tailed Student’s t-test was used to compare the
differences between the two groups. For multiple
groups, one-way ANOVA followed by Tukey's test was
used. p < 0.05 was considered statistically significant.

Results

The CM of GEM-treated PSCs decreases GEM
sensitivity in PC cells

The PANC-1 and CFPAC-1 cells co-cultured with CM of
PSCs with or without GEM treatment were treated with
0, 4, 8 12 nM GEM and then the cell viability was
measured. The GEM sensitivity of PANC-1 and CFPAC-1
cells decreased significantly after being incubated with
CM-PSCs (Figure 1(A) and Figure S1A). After incubating
with CM from GEM-treated PSCs, the sensitivity of
PANC-1 and CFPAC-1 cells to GEM was weaker when
compared with CM from PSCs. Moreover, the reduction
of GEM sensitivity induced by CM was time-dependent

(Figure 1(B)). The apoptosis assay showed that both
CM from PSCs or GEM-treated PSCs inhibited the apop-
tosis of PANC-1 and CFPAC-1 cells induced by GEM
(Figure 1(C) and Figure S1B). CM from GEM-treated
PSCs has a stronger reversal effect. The results of the
TUNEL assay further verified the reversal effect of CM
to GEM in PANC-1 and CFPAC-1 cells (Figure 1(D) and
Figure S1Q). All the data indicated that CM form GEM-
treated PSCs could decrease the sensitivity of PANC-1
and CFPAC-1 cells to GEM.

GEM promotes the secretion of CXCL12 in PSCs

To explore the underlying mechanisms for the change of
GEM sensitivity induced by CM from GEM-treated PSCs,
microarray analysis was performed to filter abnormally
expressed genes in PSCs with or without GEM treatment.
Total 22 genes were screened out (p-values < 0.05 and
fold change > 4 or fold change <0.2) (Figure 2(A)).
CXCL12 was found significantly increased in GEM-
treated PSCs among the abnormally expressed genes.
The abnormally expressed genes were mainly enriched
in the cytokine-cytokine receptor interaction, pathways
in cancer, PI3K-Akt signaling pathway, TNF signaling
pathway, and TGF-beta signaling pathway (Figure 2(B)).
The mRNA level of CXCL12 was enhanced in GEM-
treated PSCs (Figure 2(C)). Moreover, the protein level
of CXCL12 in the culture supernatant of GEM-treated
PSCs was also found to be increased (Figure 2(D)). All
these results showed that GEM promoted the expression
and secretion of CXCL12 in PSCs.

CXCL12 secreted by PSCs decreases GEM
sensitivity in PC cells

We next explored the role of CXCL12 in CM on the GEM
sensitivity of PC cells. The anti-CXCL12 antibody was
used to block the CXCL12 in CM. The results showed
that PANC-1 and CFPAC-1 cells with anti-CXCL12 anti-
body incubation showed decreased cell viability
(Figure 3(A) and Figure S1D). The results of the apoptosis
assay and TUNEL assay indicated the treatment of the
anti-CXCL12 antibody enhanced the apoptosis induced
by GEM (Figure 3(B-D) and Figure S1E-F). In short, block-
ing CXCL12 in CM could reverse the effect of CM on GEM
sensitivity, indicating the key role of CXCL12 on GEM
sensitivity.

CXCL12 secreted by PSCs enhances the glycolysis
of PC cells

Metabolism reprogramming is a hallmark of many
cancers and is closely related to drug resistance. We
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Figure 1. The CM of GEM-treated PSCs regulated the GEM sensitivity of PANC-1 cells. (A) The cell viability of PANC-1 cells with CM and
various concentrations of GEM treatment for 48 h. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 nM. (B) The cell viability of PANC-1 cells with
CM and 8 nM GEM treatment for 0, 24, 48, and 72 h. (C) The apoptosis of PANC-1 cells was detected by a flow cytometer. (D) The
apoptosis of PANC-1 cells was detected by a TUNEL assay. ***p < 0.001 vs. PBS; ###p < 0.001 vs. CM-PSCs. CM-PSCs, the PC cells
were co-cultured with the conditioned medium from PSCs; CM-GEM-treated PSCs, the PC cells were co-cultured with the conditioned

medium from GEM-treated PSCs.

then detected the glycolysis of PC cells after incubated
with CM. The results indicated that CM from GEM-
treated PSCs enhanced the glucose consumption,
lactate production, and ECAR of PANC-1 cells (Figure 4
(A-C)). The mRNA level of glycolysis-related genes
(HK2, LDHA, and GLUT1) in PANC-1 cells also was

increased after incubated with CM from GEM-treated
PSCs (Figure 4(D)). Blocking of CXCL12 in CM by anti-
CXCL12 antibody decreased glucose consumption,
lactate production, ECAR, and glycolysis-related gene
expression, indicating the key role of CXCL12 in glycoly-
sis. Similar results were also confirmed in CFPAC-1 cells
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Figure 2. GEM promotes the secretion of CXCL12 in PSCs. (A) The abnormally expressed genes in PSCs after 2 nM GEM treatment. (B)
Metascape database was then employed to analyze the enrichment of screened genes in the KEGG pathway. (C) The mRNA level of
CXCL12 in PSCs. (D) The protein levels of CXCL12 in the culture supernatant of PSCs. ***p < 0.001 vs. PSCs.

(Figure S2). In a word, the CXCL12 decreased the GEM
sensitivity of PC cells by promoting the glycolysis of PC
cells.

CXCL12 secreted by PSCs activates PI3K/AKT/
mTOR pathway by binding CXCR4

CXCL12 binds to CXCR4 to activate PI3K/AKT/mTOR
pathway and thus regulates tumor growth, metastasis,
and chemoresistance (Braun et al. 2016; Yang et al.

2019; Yi et al. 2019). We then explored whether the
CXCR4-PI3K/AKT/mTOR pathway was implicated in the
CXCL12 mediated the change of GEM sensitivity of PC
cells. Firstly, we found that the treatment of GEM in
PANC-1 and CFPAC-1 cells significantly enhanced the
mMRNA and protein expression of CXCR4 (Figure 5(A-
B)). The incubation of CM had no effect on CXCR4,
ERK1/2, PI3K, AKT, and mTOR protein levels, but
obviously increased the levels of p-ERK1/2, p-PI3K, p-
AKT, and p-mTOR in both PANC-1 and CFPAC-1 cells
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Figure 3. CXCL12 regulated GEM sensitivity of PANC-1 cells. (A) The effect of CXCL12 in CM on GEM sensitivity of PANC-1 cells. *p <
0.05, **p < 0.01, ***p < 0.001 vs. 0 nM. (B-C) The effect of CXCL12 in CM on GEM-induced apoptosis of PANC-1 cells was detected by a
flow cytometer. ***p < 0.001 vs. IgG + CM-GEM-treated PSCs. (D) The effect of CXCL12 in CM on GEM-induced apoptosis of PANC-1
cells was detected by a TUNEL assay. ***p < 0.001 vs. IgG + CM-GEM-treated PSCs. CM-GEM-treated PSCs, the PC cells were co-cultured

with the conditioned medium from GEM-treated PSCs; IgG + CM-GEM-treated PSCs, the PC

cells were co-cultured with IgG and the

conditioned medium from GEM-treated PSCs; anti-CXCL12 + CM-GEM-treated PSCs, the PC cells were co-cultured with anti-CXCL12

antibody and the conditioned medium from GEM-treated PSCs.
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Figure 4. CXCL12 secreted by PSCs promotes the glycolysis of PANC-1 cells. (A) Detection of glucose consumption in PANC-1 cells. (B)
Detection of lactate excretion in PANC-1 cells. (C) Detection of glycolytic capacity (ECAR) in PANC-1 cells. (D) The mRNA levels of HK2,
LDHA, and GLUT1 in PANC-1 cells. ***p < 0.001 vs. PBS; ###p < 0.001 vs. IgG + CM-GEM-treated PSCs.

(Figure 5(C-D)). Blocking of CXCL12 in CM by anti-
CXCL12 antibody partly restored the levels of p-ERK1/
2, p-PI3K, p-AKT, and p-mTOR in PANC-1 and CFPAC-1
cells induced by CM, indicating that the activation of
PI3K/AKT/mTOR signaling pathway was partly induced
by CXCL12. In a word, PSCs inhibited the GEM sensitivity
of PC cells by secreting CXCL12 and activating the PI3K-
AKT-mTOR pathway.

Discussion

Here, we have confirmed the role of PSCs during GEM
chemotherapy in PC. During GEM chemotherapy, the
secretion of CXCL12 is increased. The increased
CXCL12 then binds CXCR4 and activates PI3K/AKT/
mTOR pathway, leading to metabolic reprogramming
and GEM resistance in PC cells. Targeting both PC cells
and PSCs may be an effective treatment strategy for
PC and potential means to address GEM resistance.

Metabolism reprogramming is ubiquity in PC, and the
abnormal glycolysis confers tumor growth, metastasis,
and resistance to PC (Zhang et al. 2017; Zheng et al.
2020; Yan et al. 2021). Xu et al indicate that HIF1A-AS1
aggravates GEM resistance in PC by promoting glycolysis
by activating the AKT pathway (Xu et al. 2021). Feng et al
show that LAT2 promotes the activation of mTOR to
enhance glycolysis and reduce GEM sensitivity in PC
(Feng et al. 2018). hENT1 is reported to reverse the che-
moresistance of GEM by influencing glycolysis in PC (Xi
et al. 2020). Cancer cell death is obviously increased
after glycolysis inhibition and GEM sensitivity of PC cells
was enhanced after the inhibition of glycolysis (Dai
et al. 2020). In this study, we found that the CM from
PSCs or PSCs with GEM treatment could restrain the
GEM sensitivity by enhancing the glycolysis of PC cells.

CXCL12 could induce a series of signaling events in
PC cells and neutralizes the cytotoxic effects of GEM
(Singh et al. 2010). CXCL12-CXCR4 signaling axis is
closely related to GEM resistance in PC cells (Morimoto
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et al. 2016). Cancer-associated fibroblasts enhance GEM
resistance in PC by the CXCL12/CXCR4 pathway (Wei
et al. 2018). In our data, we found that CXCR4 was

enhanced in PCs and the secretion of CXCL12 in PSCs
was increased after GEM treatment. PSCs decreased
GEM sensitivity of PC cells by secreting CXCL12 under
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GEM treatment. Our results further revealed the mech-
anism for the GEM resistance of PC.

The PI3K/AKT/mTOR pathway plays a vital role in
tumor growth and metastasis. The PI3K/AKT/mTOR
pathway is implicated in glycolysis and promotes PC
growth (Hu et al. 2019). ARHGAP25 suppresses the
growth of PC cells by inhibiting glycolysis via the AKT/
mTOR pathway (Huang et al. 2021). TRIM59 is reported
to promote PC progression through the PI3K/AKT/
mTOR-glycolysis signaling axis (Li et al. 2020). PI3K/
AKT/mTOR signaling also participates in GEM resistance
of PC cells by regulating the Warburg effect (Cui et al.
2021). Moreover, PI3K/AKT/mTOR signaling is reported
to be the downstream signaling pathway after the acti-
vation of CXCR4 (Yi et al. 2019; Yi and Gao 2019; Liao
et al. 2021). In this study, we found that CXCL12 secreted
by PSCs could bind to CXCR4 and then activate PI3K/
AKT/mTOR signaling in PC cells. CXCL12 decreased the
sensitivity of PC cells to GEM by inhibiting glycolysis
via PI3K/AKT/mTOR pathway.

In conclusion, our findings reveal the mechanism of
GEM resistance in PC and find that PSCs promote GEM
resistance in PC by the secretion of CXCL12, which
further bind to CXCR4 and activate the PI3K/AKT/
mTOR-glycolysis signaling axis. All of these findings
would facilitate the progression of treatment strategies
for PC and improve GEM resistance.
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